Cold Spring Harbor Laboratory Press on October 24, 2017 -Published by genesdev.cshlp.org Downloaded from fect is in the ability to splice out any intron (Rosbash et al. 1981) . The apparent ribosome specificity of the mutants is due to the preponderance of introns in the genes for ribosomal proteins. More than 5% of the ts mutations isolated on rich media led to defects in splicing, suggesting that they represent a large number of genes. The original group of 23 fell into 10 complementation groups, termed RNA2-RNA11, with statistics implying that there are many more (Hartwell et al. 1970) . They are distinct from RNA1, a gene that is essential for the splicing of tRNA precursors but not mRNA precursors (Hopper and Banks 1978) .
Perhaps as surprising as the presence of introns in protein-coding genes is the complexity of the splicing machinery used to remove introns from the transcripts of those genes. The catalog of components of this machinery now includes several small nuclear (sn) RNAs with their associated proteins, and a variety of other proteins. Many of these components are assembled in the spliceosome (a particle sedimenting at 60S), suggesting a total molecular weight of nearly 3 x 106 (for review, see Green 1986; Padgett et al. 1986} . This complexity is all the more surprising because chemically it appears unnecessary: RNA molecules can and do splice themselves (Cech and Bass 1986) .
The splicing apparatus has been partially analyzed in vitro by using biochemical or genetic means to deplete the reaction of one or more components, followed by complementation with purified components. Mammalian systems have been used in this way to prove that both U1 and U2 snRNAs are essential for splicing, to separate a crude extract into several fractions that complement each other, and finally to demonstrate that splicing is carried out in a large complex whose formation is dependent on intact splice sites and ATP. This observation is important both for theoretical reasons and for the practical one that it is now potentially possible to purify most of the components of the splicing reaction at one pass {Green 1986; Padgett et al. 1986 ).
Substantial progress has also been made using Saccharomyces cerevisiae, whose biochemical and genetic attributes make it a useful organism for analyzing this complex process. On the whole, splicing is similar in all eukaryotic organisms. However, Saccharomyces differs in a few details. The acceptor for lariat formation is an invariable--UAUAACE the third A always carrying the triple phosphodiester bond (Domdey et aL 1984; Rodriquez et al. 1984} . The "small" nuclear RNA corresponding to the U2 snRNA of mammalian cells is 1175 nucleotides long, and also contains some sequences that may be homologs to U4, U5, and U6 snRNAs {Ares 1986). Cleavage at the 5' splice junction and lariat formation require the correct sequence at both sites but not at the 3' splice junction (Rymond and Rosbash 1985) . This result suggests that in yeast the fixed sites of intron recognition are the G/GUAUCU at the 5' junction and the UACUAAC 8-50 nucleotides upstream of the AG/ at the 3' junction. Indeed, the presence of those sequences has been used to predict the presence of an intron {Miller 1984}. On the other hand Saccharomyces does not splice mammalian introns, which have a much more flexible sequence requirement for cleavage and lariat formation.
In most respects the yeast splicing apparatus is similar to that of vertebrates. A 40S splicing complex has been identified whose formation is largely dependent on ATP as well as on an intact 5' splice site and a lariat acceptor site, but not on a 3' splice site (Brody and Abelson 1985; . High-resolution analysis, using gel electrophoresis and oligo(dT)chromatography, reveals that at least two and perhaps three classes of spliceosome are formed in vitro ). Spliceosome I contains intact substrate, as well as at least four snRNA molecules" LSR1 (the l175-nucleotide U2 equivalent), snR7r and snR7s (215 and 185 nucleotides, respectively}, and snR14 (160 nucleotides). This migrates slightly slower than, and appears to be a precursor to, the spliceosome II, which contains some unspliced substrate as well as the products of the splicing reaction, exon 1 and the lariat structure, but little if any fully spliced substrate; as isolated, it includes no snR14. These complexes are stable in the presence of EDTA and excess competitor RNA, as well as to the rigors of electrophoresis, and therefore may represent only the core of the spliceosome.
The genetics of the snRNAs has been studied extensively by Guthrie and co-workers. They have identified more than two dozen such RNAs . Several are not essential for growth , but three are: LSR1, also known as snR20 {Ares 1986), and snR7 and snR14 (B. Patterson and C. Guthrie, pets. comm.}. The gene for snR7 gives rise to both snR7L and snR7s. All four of these RNA species are found in the spliceosome ).
An important element in the genetic analysis of splicing in yeast is the availability of mutants in several genes involved in mRNA splicing. No one has yet devised a selection scheme for such mutants; these were isolated because of the following fortuitous quirk in the yeast genome. Very few Saccharomyces genes have introns, presumably due to the selective pressure for efficient growth, perhaps intensified by its centuries or millenia of domestication. Yet nearly all of the yeast genes for ribosomal proteins have a single intron (for review, see Warner et al. 1986 ). The recent proposal that ribosomal protein L32 can regulate the splicing of the transcript of its own gene {Dabeva et al. 1986} provides a reason why ribosomal protein genes may have retained their introns. Some years ago temperature-sensitive (ts) mutants were identified, which, at the restrictive temperature, appeared to block the synthesis of ribosomes rather specifically (Hartwell et al. 1970} due to a depletion of mRNA for ribosomal proteins (Wamer and Gorenstein 1978}. It subsequently became clear that the de-fect is in the ability to splice out any intron (Rosbash et al. 1981) . The apparent ribosome specificity of the mutants is due to the preponderance of introns in the genes for ribosomal proteins. More than 5% of the ts mutations isolated on rich media led to defects in splicing, suggesting that they represent a large number of genes. The original group of 23 fell into 10 complementation groups, termed RNA2-RNA11, with statistics implying that there are many more (Hartwell et al. 1970) . They are distinct from RNA1, a gene that is essential for the splicing of tRNA precursors but not mRNA precursors (Hopper and Banks 1978) .
Several of the RNA genes have been cloned (Last et al. 1984; Lee et al. 1984; Soltyk et al. 1984) . They are essential for growth, but they do not themselves contain introns. Using immunological techniques, Last and Woolford (1986) have shown that the RNA2 product is about 100,000 m.w. and the RNA3 product is about 55,000. They are both found in nuclei, as would be expected for participants in splicing.
The value of the conditional RNA mutants for understanding the biochemistry of splicing has become apparent from the recent finding that the extracts derived from several of the ts mutants are heat labile for the in vitro splicing reaction. Furthermore, pairs of mutants that complement in vivo yield extracts that complement in vitro (Lustig et al. 1986) . In this issue of Genes & Development, Lin et al. (1987) report that heat-treated extracts of a ts mutant in RNA2 can form normal spliceosomes whose substrate is unspliced, but equivalent extracts of ts mutants in RNA3, -4, -5, -7, -8, or -11 cannot. Furthermore, the spliceosomes formed in a heat-treated extract of cells carrying the temperature-sensitive allele of RNA2 can be isolated. When they are added to a heattreated extract of a mutant in RNA3, -4, -5, -7, -8, or -11, the substrate RNA molecule they contain is spliced efficiently and rapidly, and in preference to an alternative substrate added simultaneously. This result implies either that the products of RNA3, -4, -5, -7, -8, or-11 genes are in the spliceosome or that they have carried out their function before the spliceosome was isolated from the RNA2-defective extract. Experiments using a strain which overproduces the RNA2 gene product suggest that some additional factor is also essential to complete the splicing of a substrate molecule already assembled into a spliceosome.
Clearly the next step, already underway (Cheng and Abelson 1986), is to fractionate the extract used to complement the spliceosome from a ts mutant extract. Eventually, the system can be utilized to purify each of the complementing gene products, an approach that has had great utility in solving complex biochemical pathways, such as DNA synthesis. In addition, cloning the gene involved in mRNA processing provides the basis for preparing immunological reagents to probe the spliceosome (Last and Woolford 1986) . When one is able to obtain reasonably pure spliceosomes, it ought to be possible to apply the immunoelectron microscopy techniques that have been so powerful in establishing the structure of the ribosome (Oakes et al. 1986 ). Finally, with all those mutants one can foresee the geneticists isolating suppressors indefinitely, bringing the system full circle, with mutants in genes for some of the components suppressing ts mutants in the genes of others. Indeed, Pearson et al. (1982) have identified a mutant that is a dominant suppressor of several ts RNA mutants, but it has not yet been analyzed at the molecular level. R.L. Last and J.L. Woolford (pets. comm.) have isolated a mutant that suppresses the ts RNA2 mutation, but not a deletion of RNA2.
Recently attention has turned to the fission yeast Schizosaccharomyces pombe, which combines the genetic manipulability of Saccharomyces with a splicing system more characteristic of higher organisms. Introns are far more prevalent (Hindley and Phear 1984) . Its U2 RNA is also identical in size to that of mammals (Ares 1986; Brennwald, Porter, and Wise, pers. comm.) . At least one mammalian gene, SV40 T antigen, can be spliced correctly (Kaufer et al. 1985) in S. pombe.
It is tempting to think of the splicing apparatus as analogous to the translation apparatus, each established early in evolution to bring about the correct juxtaposition of gene fragments or sequences. Each is composed of a complex particle containing RNA and protein, as well as auxiliary soluble factors. A contrast, however, is that the spliceosome appears to disassemble substantially between operations, whereas the ribosome remains largely intact. Perhaps this is why temperaturesensitive mutants for spliceosome function are found so readily while such mutants in ribosome function (as opposed to assembly) are rare. Indeed, none were found in the screen that generated 23 mutants impaired in splicing (Hartwell and McLaughlin 1968) . In any case, the availability of the mutants in RNA2-RNAIO and the likelihood of many more, the subsequent isolation of the genes themselves with their promise of gene disruption experiments and overexpressed gene products available for biochemical utilization, and the variety of genetic manipulations available in yeast, all suggest that Saccharornyces will make major contributions to our understanding of the splicing apparatus and its operation in the next few years.
